We designed single-crystal fibers to combine excellent spectroscopic and thermo-mechanical properties of bulk crystals and ability of pump guiding and good heat repartition of doped glass fibers. Such single-crystal fibers of excellent optical quality were grown by the micro-pulling-down technique. A remarkable advantage of this technique is that pump guiding is achieved in the directly grown fiber without additional polishing on the cylinder. We designed 0.2%-Nd doped YAG crystal fibers sample of 50 mm and 1 mm diameter and AR coated on both end faces. It was longitudinally pumped by a fiber-coupled laser diode with a maximum output power of 120 W at 808 nm. Laser emission at 1064 nm was achieved inside a two concave mirrors cavity. We obtained 20 W of laser emission with a M² quality factor of 6, for an incident pump power of 120 W and a slope efficiency of 18% without any thermal management problems. Besides, a power of 16 W with linearly polarized laser emission has been obtained under the same pump power by introducing a thin plate polarizer in the cavity. An acousto-optical modulator was inserted inside the cavity and 360 kW of peak power with 12 ns pulses at 1 kHz repetition rate were achieved under 60 W of pump power. This work shows real improvements of laser performances in directly grown single crystal fibers. A complete thermal study confirms a good heat management and demonstrates scalability to high average power laser sources.
INTRODUCTION
In the past few years, the reliability and the electrical to optical efficiency of the laser diodes enable the design of a new generation of laser systems such as all solid state lasers leading to power scaling towards multiwatt output power. Such sources have been achieved by two very different technologies: the bulk lasers and the fiber lasers. The first technology refers to bulk crystals which take place as gain media in the laser systems. They benefit of excellent spectroscopic properties compared to doped glasses. One of the most common gain medium is the yttrium aluminium garnet crystal doped with the rare-earth ion neodymium (Nd 3+ :Y 3 Al 5 O 12 ) which is very common to produce high power lasers systems [1] . This crystal is very attractive because of its high value of thermal conductivity. In such systems, the typical pump scheme is an end pumping set up which is designed to optimize the pump and signal overlap and to favour the absorption of high average pump power along the crystal. Due to the restrictive optical quality of the laser diodes, the crystal has to be short enough and the absorption length is in the order of the cm. These characteristics are an important limitation to power scaling because of the risk of fracture and the inappropriate thermal management under high pump powers [2] . Nevertheless good results have already been demonstrated but in such case, a careful design of the laser cavity is necessary [3] . The high doping level required to absorb efficiently the pump power can also be the cause of efficiency limitations such as concentration quenching which leads to energy transfer [4] and can reduce the thermal conductivity of the host matrix. These former limitations can be overcome by the use of thin disk configuration which benefits both a high doping level and a good thermal management [5] . On the other hand, the other main laser technology is based on the use of optical doped fibers as gain medium. The typical structure of the fibers is a double clad fiber allowing the guiding of both the pump beam and the laser signal providing an excellent spatial overlap between them. Thus, the important length of interaction along the fiber permits the use of a very low doping concentration which compensates the low thermal conductivity of glass fibers. By the way, the thermal effects are reduced because the thermal load is dispatched along the fiber. The fiber laser systems are known to achieve high power in CW regime with an excellent efficiency and excellent optical quality [6] . However, in pulsed regime with high peak power, the non linear effects are very limiting even with the design of new large mode area fibers. Finally, a laser medium that would benefit from the spectroscopic and thermomecanical advantages of bulk crystals and from the pump guiding and good thermal management of doped glass fibers would be ideal for the design of high average power and high peak power laser systems. For these reasons, we designed "single crystal fibers" with very low doping concentration and where the pump signal is guided to have a good repartition of the thermal load along the thin and long crystal. With the conventional growing techniques such as Czochralski process, the design of crystal fibers requires costly and difficult engineering works. Efficient results have been demonstrated [7] by using ceramic materials in core-clad geometry but requires also high costly equipment and technological processes. One way to produce single crystal fiber is to use direct growing techniques like Laser Heated Pedestal Growth [8] or Micro-Pulling Down Technique (µ-PD) [9] . The recent developments of this technique have opened a promising way in power scaling of lasers systems. The first laser demonstration of high average power has already been obtained with a crystal gain medium obtained by direct growth in µPD [10] thanks to high quality Nd:YAG single crystal fiber [11] . [12] . YAG crystals are grown by different growth technologies such as Czochralski for bulk crystals and Micro-Pulling Down for shaped crystals and especially single crystal fiber.
THE MICRO-PULLING DOWN TECHNIQUE

Principle
The micro-pulling-down technique is based on controlled solidification of an overheated homogeneous single-phase melt passing through a micronozzle at the bottom of a crucible. The nozzle is approached with an oriented seed, which permits to connect the melt. Pulling is switched on and crystallization starts, creating a melting interface of hundred micrometers. This interface may be controlled by growing parameters (heat, pulling rate, nozzle geometry). With this technique it is easy to grow meter long crystal fiber, with a diameter from 0.4 to 3mm [13] . In our experimental setup of micro-pulling-down, we improved the usual translation system that pulls down the fiber to reduce vibrations, and we implemented a continuous mass measurement of the melted materials for a better regulation of the crystallisation. We also used iridium-made crucibles, specially designed to grow a non-wetting material with high fusion temperature like YAG. Such crucibles need neutral atmosphere, as argon, to avoid oxidation.
We have two important steps, the first corresponding to the installation of the crucible into the copper coil, used to create an inductive coupling by application of a high frequency current. We use refractive material to obtain a stable thermal gradient during all the process. Crucible is filled with YAG raw material and doping agent, then the chamber is closed to replace air by neutral gas. The final step is the most delicate. Oriented seed is connected to the melt at the bottom of the nozzle and pulling starts. During this step, all parameters must be controlled. In the first minutes, we often change power applied to the crucible, because of thermal effect created by the growing (conduction, convection, radiation, or germination, crystallization). Growing is initiated with a low pulling rate to let crystalline organisation occur, to conserve structure and orientation from our seed, and to decrease thermal stresses. Once we obtain thermodynamic equilibrium, we launched an auto running program, and regularly follow the growing.
Despite the high crucible temperature (>1980°C), growing is relatively simple for YAG. However, a small thermal change in the melt may induce a change of the interface, which will modify fibers diameter, faceting, surface quality, and may create stresses or defects in the crystal. That is the reason why we use video to monitor the interface, control temperature to stabilize it.
Material characterization
The orientation of the single crystal fibers is given by the using seed. In our case, we used the <111> orientation, which lead to a nearly circular cross-section of the fiber with a weak hexagonal faceting (see Fig.2 ). (1.01Å) and Nd 3+ (1.12Å). Nd 3+ :YAG is ordinarily grown with dopant concentration varying from 0.1 at.% to 1.1 at.%. In our case, neodymium axial distribution increases considerably at the end of the growth, but keep stable values until 60% of crystallization. 
Nd:YAG laser thin rods
One millimeter diameter micro pulled fibers with the <111> crystalline orientation are cut into 5 centimeters samples. This geometry has been chosen to correspond to the maximum absorption at the pump wavelength (808nm) for a neodymium doping rate of of 0.25 at.%. These fibers (Fig. 4) are then ready to be optically inspected and laser characterized. 
COMPARISON BETWEEN CZOCHRALSKI AND µPD SINGLE CRYSTAL FIBERS
In order to demonstrate the quality of the single crystal fibers obtained by the Micro-Pulling Down technique, we characterized by spectroscopic and optical tests. We compared it to a thin Czochralski bulk crystal (CZ-fiber) which is extracted from a boule grown by the Czochralski technique, cut and carefully polished to design a rod of 50 mm long and 1 mm diameter. The polishing was very difficult and time-consuming because of the weakness of the rod.
Spectroscopic characterizations
Emission spectra of Nd:YAG single-crystal fibers and Nd:YAG Cz rods were obtained under excitation by a pulsed dye laser at 750 nm. The results are plotted in Fig. 5 . At room temperature, the optically excited luminescence of YAG: Nd 3+ crystal occurs in four main infrared wavelengths which correspond to transitions from 4 .6 ); the value was of 240µs for Nd:YAG, in good agreement with typical value found in literature [14] . Thus, the spectroscopic properties of the µ-PD fiber are in good agreement with those of the Cz single crystal fiber. 
Optical characterizations
In addition to the spectroscopic characterizations, we performed optical characterizations to know where are the limits of our single crystal fiber taken directly after the growth. Both samples were polished on their end faces which were antireflection coated at 808 and 1064 nm. The first simple test was to send a probe beam with a waist of 200 µm in order to evaluate the transmission of our samples without any guiding effect. We achieved, in both cases, values of transmission better than 99 % which demonstrate the high optical quality of our single crystal fiber. To complete this test, we proceed to wavefront measurements with the same probe beam which has a plan wavefront at λ/100 RMS in order to evaluate the local refractive index inhomogeneity. Thus we measured the wavefront distorsion using a Shack-Hartmann analyser (HASO64 Imagine Optics Inc.). As shown in Fig.7 , the wavefront after the CZ-fiber was plane at λ/40 RMS and the one measured after the µ-PD single crystal fiber was still plane at λ/10 RMS. This reveals that even if the wavefront distorsion inside the single crystal fiber is more important than in the CZ-fiber, this weak value should not notably affect the laser performance.
(a) (b)
Then, we investigated the pump guiding efficiency of the samples by using the pumping scheme shown in Fig. 8 with a fiber coupled laser diode at 980 nm outside the absorption band of the Nd 3+ in YAG. By simply comparing the incident power and the transmitted power, we can deduce the guiding efficiency. In the case of the CZ-fiber, we obtained a value of 90 % only, but with the single crystal fiber, the guiding efficiency is almost of 91%, without any additional work on the cylinder. The relatively weak value for the CZ-fiber is believed to be caused by the difficulties of polishing such a thin and long sample. Finally we tested the two samples as gain media in CW laser. The pump signal at 808 nm is guided by total internal reflection at the fiber surface and the laser transverse mode remains unguided because it is imposed by the cavity mirrors. The experimental setup is represented in Fig. 8 . The fiber is longitudinally pumped from a fiber-coupled laser diode with an optical setup compound of two similar achromatic doublets. The CW laser efficiencies obtained in each case are plotted on Fig. 9 . The doping concentration of the µPD fiber is 0.25 at.% and the one of the CZ-fiber was 0.7 at.% because it was difficult to obtain a doping concentration of 0.25 at.% from a commercial existing CZ boule. However, by frequency shifting of the pump laser diode, it was possible to obtain the same absorption coefficient (0.7 cm -1 ). The CZ-fiber leads to a maximum output power of 7 W at 1064 nm under 35 W of pump power with a slope efficiency of 20%. With the µPD single crystal, we obtained 5 W of laser emission under the same pump power with a slope efficiency of 18 %. The laser efficiency is slightly better with the CZ-fiber.
We also measured the output beam quality with each gain medium. The M² factor was around 7 with the CZ-fiber and less than 5 with the µ-PD fiber. We can explain both efficiency differences and M² value differences by the macroscopic characteristics of the single crystal fiber: it is not perfectly cylinder shaped but presents facets which are represented on Fig.n° 9 . This is due to the crystalline structure of the YAG matrix grown along the <111> axis. This facets act as a transverse mode selector because less transverse modes can be excited in the µ-PD single crystal fiber than in the CZfiber which has a perfect cylinder shape after the polishing processes. Those modes are responsible of the worse value of the M² value but also of the better efficiency because they also can extract more power stored at the boundaries of the samples.
In conclusion to this comparison, we can notice that, despite the better intrinsic quality of the Czochralski bulk fiber, the global results are very similar in terms of laser performance. Moreover, the difficulties to produce a sample with these dimensions are numerous: it is an expensive and careful work on the cylinder to polish. The Micro Pulling down technique is remarkable for the reliability and the cost to produce single crystal fiber with excellent cylinder quality without any additional work.
LASER RESULTS
CW and Q-Switched Regime
In order to demonstrate the potential of the single crystal fiber, we achieved laser operation in CW and Q-Switched regime under high power diode-pumping using a cavity similar to the one described previously. We used for this demonstration a fiber-coupled laser diode at 808 nm with a maximum output power of 120 W. The core diameter of the fiber is 400 µm and the Numerical Aperture is 0.2. The cavity is composed of two mirrors which impose a laser waist of 250 µm located at the middle of the single crystal fiber. The input mirror is a dichroic meniscus with a 50 mm curvature radius, highly transparent at 808 nm and highly reflective at 1064 nm. The output coupler had a transmission of 47 % at 1064 nm and a curvature radius of 100 mm. We achieved laser operation with a low threshold (around 9 W of pump power). The laser efficiency is plotted on Fig.10 . We obtained a maximum average power of 20 W at 1064 nm under 120 W of pump power. This output remained unpolarized and highly multimode. We measured a M² quality factor of 5. 
CZ-fiber µPD fiber
To achieve polarized laser emission, we inserted a thin plate polarizer inside the cavity (see Fig. 11 ). The reflection on the polarizer acts as the laser output coupler and we replace the previous output coupling mirror by a high reflective mirror. Thus, we use the depolarizing properties of the single crystal fiber to extract the laser emission. The maximum output power obtained from the polarizer was 16 W under 120 W of pump power. The measured polarization rate of this output was better than 94 %. In both cases, the laser output power exhibits no sign of roll-over and is only limited by the available pump power at 808 nm.
We also studied the Q-Switched regime by introducing an acousto-optic modulator inside the cavity, between the single crystal fiber and the output mirror. We achieved 12 ns pulses at a repetition rate of 1 kHz. The short duration of these pulses is due to the very short cavity length (only 18 cm) and the high gain. Under 60 W of pump power, we measured an output average power of 4.4 W, which corresponds to an energy of 4.4 mJ per pulse and a peak power of 364 kW These results are very promising because such peak power and pulse duration are difficult to achieve in usual fiber lasers limited by cavity length and non linear effects. This set up was limited to 60 W of pump power because we noticed an undesirable CW laser emission at higher pump power thus we are investigating now the possibility to use a electrooptical modulator (a K*DP Pockels cell and a quarter wave plate) which exhibits a greater extinction ratio than the Acousto Optic Modulator.
Discussion
The laser efficiency and the multimode output power are the principal limitations of our system which are due to the diffraction of the laser mode at both end faces of the crystal fiber. In fact, the whole volume of the single crystal fiber is doped so an efficient laser extraction would require a laser mode diameter equal to the fiber diameter which can not be achieved because of the important diffraction losses at the fiber extremities. To understand this effect, we carried out numerical simulations based on the Rigrod formalism [14] and an experimental study by measuring the maximum output power obtained with different sizes of laser modes inside the single crystal fiber. The results at 60 W are plotted in Fig.12 with a good agreement between the experiment and the calculations. Thus, the value of 300 µm for the laser mode is the best compromise between the maximized signal-pump overlap and the diffraction losses at both end faces. This issue can be overcome by developing a hybrid core/clad concept which would hopefully improve the overall efficiency and the M² value. We are now working on different ways to achieve such concept.
THERMAL STUDIES
We have been also interested in the thermal behaviour of the single crystal fiber under high pump power. To do this experimentally, we used the set up shown on Fig. 13 using an IR camera to detect an image in the 8-12 µm band which gives us the temperature map of the input end face (in position 1 on the set up). The far-IR image was taken through a Germanium lens designed to improve the resolution of the images and through a ZnSe thin plate which is transparent in the 8 -12 µm band and coated to reflect the near IR signal of the laser diode. The single crystal fiber is simply placed between two copper plates in order to provide good thermal contact and evacuation of the thermal load when the pump beam is absorbed. The lower plate is placed on a water cooling system. The image and the temperature profile obtained thanks to this set up are shown on Fig. 14 . The maximum temperature is around 100°C under 60 W of incident pump power. These curves exhibit clearly the very low gradient between the hotter spot at the centre of the face and the extremities of the single crystal fiber. The temperature remains almost constant on the whole face.
We also measured the temperature map of the fiber surface along the longitudinal axis with the IR camera directly above the single crystal fiber without the upper copper plate (in position 2 in Fig.13 ). To complete this study, we used Finite Element Analysis numerical calculations ((FEA) in order to compare the thermal behaviour of our system with the simulations. The results are plotted on Fig. 16 . By using a transfer coefficient of 0.5 W/cm².K -1 , which corresponds to a common thermal cooling system, the experimental curve and the simulated curve are in good agreement.
The maximum temperature measured was around 130°C at the input face of the single crystal fiber under 60 W of pump power. We can notice that this value is higher than the one shown on Fig. 14 because the single crystal fiber suffers from a lack of cooling without an upper cooper plate. We also compared our results with those of a bulk Nd:YAG crystal with typical dimensions of 3×3×10 mm 3 and with a doping concentration of 1 at.%. With 60 W of pump power, the simulated temperature at the input of the crystal was around 320°C which is more than twice the measured temperature of single crystal fiber input face. This temperature leads to a calculated stress intensity of 150 MPa which corresponds to the fracture limit that can be achieved in the YAG material [3] . Thanks to the calculations, we can predict that this maximum stress intensity withstood by our single crystal fiber would be reached under 500 W of pump power, corresponding to the upper limit of our system. Experimental temperature on the single crystal fiber surface 
SUMMARY
As shown on Figure 17 , this work is a real improvement in terms of laser power emitted by directly grown single crystal fibers.
In fact, the excellent heat management in single crystal fibers allowed us to achieve an output power twice higher than our previous result [11] . We achieved 16 W polarized and 20 W unpolarized cw power under 120 W of pump power and 360 kW peak power in the Q-Switched regime at 1064 nm for 60 W of pump power. The very high potential of our single crystal fibers concept could be an asset for power scaling. Thus, single crystal fibers are excellent candidates for a the development of a new technology between bulk and fiber-based solid-state technologies in order to serve demanding applications that require very high peak and average power.
In future works, we will concentrate in improving the overall efficiency of our systems thanks to the development of a hybrid core/clad gain medium. We will also investigate the potential of the single crystal fibers for amplifiers and we will start the growth of ytterbium doped single crystal fibers. 
